Structural stability analysis of the Apollo short stack by Cohen, G. A. & Dietz, C. G.
Gerald A .  Cohen and Charles G .  D i e t z  
! 
GPO PRICE $ 
CFSTI PRICE(S) $ - 
II 
Hard copy (HC) , 
Microfiche (MF) - 
ff 653 July65 
https://ntrs.nasa.gov/search.jsp?R=19680027415 2020-03-12T05:45:25+00:00Z
i 
i 
3 
J 
Pub l i ca t ion  No. UG4489 
STRUCTURAL STABILITY ANALYSIS 
of the 
APOLLO SHORT STACK 
Gerald A .  Cohen and Charles  G.  Dietz 
Prepared f o r :  NASA Manned Spacec ra f t  Center 
R&D Procurement Branch 
Houston, Texas 77058 
Under Cont rac t :  NAS 9-8424 
Approved : w 
Program Manager 
27 Septem6er 1968 
PHILCO-FORO CORPORATION 
Newport Beach, Calif. * 92663 

7 
7 
-1 
5 
I d .  
PREFACE 
This study was supported by the Manned Spacecraft 
Center of NASA. 
Structural Mechanics Branch of the Langley Research Center 
of NASA. The work was initiated while the authors were 
employed by the Philco-Ford Corporation. 
completed and this report written by Structures Research 
Associates under subcontract to Philco-Ford. 
Technical direction was provided by the 
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ABS TRACT 
The buckl ing s t r e n g t h  of t h e  Apollo s h o r t  stack, c o n s i s t i n g  of t h e  
SIV-B forward s k i r t ,  ins t rument  u n i t ,  and s p a c e c r a f t  LM adap te r ,  under 
a x i a l  compression w a s  s tud ied  by means of d i g i t a l  computer codes based 
on Novozhilov s h e l l  and r i n g  theory.  
modes w e r e  de t ec t ed :  1) inex tens iona l  modes extending throughout t h e  
s t r u c t u r e ,  2) SIV-B sk i r t  modes, and 3) h igher  modes involv ing  s i g n i f i -  
can t  SLA a c t i o n ,  p a r t i c u l a r l y  a t  t h e  LM r i n g .  
l oads  obtained f o r 6 t h e s e  types  of modes arg r e s p e c t i v e l y :  1) 1.13 x 10 
lb s . ,  2) 1.34 x 10 l b s . ,  and 3) 1.49 x 10 l b s .  I f  t h e  e f f e c t s  of a 
0 .1  inch  imperfec t ion  and t h e  d i s c r e t e  LM r i n g  loads  are included,  t h e  
E s s e n t i a l l y  t h r e e  types  of buckl ing 
6 The minimum c r i t i c a l  
f i r s t  buckl ing load iven  i s  unaf fec ted  he reas  t h e  second and t h i r d  are 
reduced t o  1.10 x 10 l b s .  and 1.03 x LO l b s . ,  r e spec t ive ly .  Tz: 
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STRUCTURAL STABILITY ANALYSIS 
OF THE 
APOLLO SHORT STACK 
(SLA, Instrument  Un i t ,  and SIV-B Forward S k i r t )  
Gerald A.  Cohen and Charles  G. Die tz  
S t r u c t u r e s  Research Assoc ia tes ,  Newport Beach, C a l i f o r n i a  
SUMMARY 
The buckl ing s t r e n g t h  of t h e  Apollo s h o r t  s t a c k  under a x i a l  compres- 
s i o n  w a s  s tud ied  by means of d i g i t a l  computer codes based on Novozhilov 
s h e l l  and r i n g  theory.  Two axisymmetric models of t h e  s h o r t  s t a c k  were 
considered:  a s i m p l i f i e d  model which n e g l e c t s  e c c e n t r i c i t i e s  of ad jacen t  
s h e l l  s e c t i o n s ,  redundant r a d i a l  r e a c t i o n s  of t h e  LM v e h i c l e ,  and c e r t a i n  
s t r u c t u r a l  d e t a i l s  i n  t h e  v i c i n i t y  of t h e  LM r i n g ,  and a more r e f i n e d  
model inc luding  t h e s e  e f f e c t s .  
boundary condi t ions  were t r e a t e d  a t  t h e  bottom of t h e  s t a c k  - elastic,  
simply supported,  and f r e e .  For t h e  r e f i n e d  model t h e  s imple support  
cond i t ion  a t  t h e  bottom of t h e  s t a c k  was used exc lus ive ly .  
t h e  service module a f t  bulkhead a t  t h e  top  of t h e  s t a c k  was modeled con- 
s e r v a t i v e l y  as a r i n g .  
For t h e  s impler  model t h r e e  types of 
I n  e i t h e r  case 
For buckl ing modes of i n t e r e s t  t h e  second postbuckl ing c o e f f i c i e n t  
w a s  computed i n  order  t o  assess t h e  s e n s i t i v i t y  of t h e s e  modes t o  unsym- 
metric predeformations.  Such deformations occur as manufacturing imper- 
f e c t i o n s  as w e l l  as deformations produced by d i s c r e t e  loads  a c t i n g  on t h e  
LM r ing .  
Severa l  s u b s i d i a r y  s t a b i l i t y  s t u d i e s  of an  i s o l a t e d  SIV-B forward 
s k i r t ,  an i s o l a t e d  SLA, and r i n g  s imula t ion  of t h e  SIV-B forward dome 
f o r  s ta t ic  test are presented  i n  Appendices. 
The r e s u l t s  of t h i s  s tudy  may b e  summarized as fol lows:  
1) The elastic r e s t r a i n t  provided by t h e  p re s su r i zed  (30 ps ig )  
SIV-B forward dome and w a f f l e  tank  is  s u f f i c i e n t  t o  suppress  an 
undes i r ab le  buckl ing mode which f o r  a f r e e  lower boundary would occur 
-1- 
at approximately 463,000 lbs. of total axial compression. However, 
the support provided by these adjacent elements is sensitive to the 
amount of pressurization, which suggests that a loss of pressure would 
cause buckling at an unacceptably low load. 
2) Although the simple support does not provide quite as much 
boundary restraint as the elastic support, it is nevertheless a good 
approximation to it. For this reason, only simple support was con- 
sidered for the refined model. 
3) 
negligible. 
The amount of nonlinearity in the prebuckling state is 
4) To a large extent, the radial stiffness of the LM vehicle 
suppresses the unsymmetrical deflections which otherwise would occur 
as a result of the discrete axial loads transferred to the LM ring 
by the legs of the LM. 
5) Except for an inextensional mode with two circumferential 
waves (N = 2) the lowest buckling modes for either model are SIV-B 
skirt modes. The lowest skirt mode has a critical load of 1.34 x 10 
lbs. 
6 
6 )  %or the refined model the lowest critical load is 
1.13 x 10 lbs., corresponding to the inextensional mode referred to 
above. Since this mode has maximum amplitude at the top of the SLAY 
it is sensitive to the modeling of the service module aft bulkhead. 
Because of the conservativeness of this boundary condition, this 
value provides only a lower bound estimate. 
7) The lowest SLA mode (exclusive of the inextensional mode 
discussed above) occurs at a load of 1.49 x 10 lbs. (N = 3 ) .  As was 
found to be typical of modes for which SLA action is dominant, this 
mode has a positive postbuckling coefficient and is therefore insen- 
sitive to predeformations. 
6 
8 )  The most sensitive buckling mode fou d is the third mode for 
Although this 8 N = 5, which has a critical load of 1.54 x 10 lbs. 
mode is predominantly in the skirt, it has significant action in the 
SLA near the LM ring, where the buckling deflection is 36 per cent of 
the maximum. Based on an assumed 0.1 in. imperfection and the pre- 
deformation associated with a 0.6 g lateral acceleration of the LM 
(observed in the AS-502 flight), this critical load is knocked down 
to an estimated value of 1.03 x 106 lbs. 
It should be noted that the estimate 1.03 x lo6 lbs. is sensitive to 
the size of the manufactured imperfection. 
information in this regard, it stands as the best estimate of the static 
axial load carrying capacity of the Apollo short stack. 
However, without any relevant 
-2 - 
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INTRODUCTION 
Several anomalies were observed during the launch phase of the Apollo- 
Saturn 502 mission in April 1968. 
increases in strain and accelerometer measurements in the short stack at 
approximately 2 minutes and 13 seconds after lift-off. 
photographic coverage showed five or six pieces of sheet material separat- 
ing from the spacecraft LM adapter (SLA). These observations, coupled 
with the fact that the structure continued to carry load after the 
occurrence of the anomaly, suggest the possibility that the anomaly 
resulted from a noncatastrophic structural failure. 
These anomalies were noted as abrupt 
In addition, 
One example of such a failure is elastic buckling into a bifurcated 
state which is itself stable. If this happens, the structure can carry 
additional load after the occurrence of bifurcation, but at bifurcation 
it undergoes an abrupt change in stiffness. 
launch vehicle, the load is increasing at a predetermined rate, an abrupt 
change in stiffness would imply a corresponding 
velocity of deformation. Thus, the structure which could have responded 
quasi-statically before buckling responds dynamically at the inception 
of bifurcation. 
Since in the case of a 
abrupt change in the 
A second example of a noncatastrophic structural failure is elastic 
buckling into a locally unstable bifurcated state. 
structure can carry additional load only after "jumping" dynamically onto 
a stable part of the bifurcated path. In this case, in fact, the buck- 
ling load can be significantly less than the bifurcation load since such 
buckling modes are sensitive to predeformations such as manufacturing 
imperfections. For the Apollo short stack, additional predeformations 
are produced by discrete loads on the LM ring and an unsymmetrical tem- 
perature distribution, of which only the former were considered in this 
study 
If this happens, the 
The primary purpose of this study is then to determine the static 
buckling characteristics of the short stack in an attempt to provide a 
rational explanation of the anomaly and possibly criteria for redesign. 
The results presented should be viewed in light of the fact that complex 
dynamic phenomena, significant nonsymmetries in structure and loading, 
and temperature effects have been neglected. 
-3- 
SYMBOLS 
A area of ring or stringer cross section 
b or B second postbuckling coefficient 
D 
E 
F 
effective extensional rigidity 
Young’s modulus 
harmonic component of applied LM ring force per unit of 
circumferential length 
G shear modulus 
centroidal moments and product of inertia of ring cross 
section IX’ Ty’ Ixy 
centroidal moment of inertia of stringer cross section 
torsional inertia of ring or stringer cross section 
@ 
I 
J 
K effective flexural rigidity 
N harmonic number 
P or P critical load 
C 
S 
P 
s ,  T 
buckling load accounting for predeformations 
effective shear and torsional rigidities, respectively 
t skin thickness 
U displacement field vector 
X 
Y 
6 
- 
E 
E cr 
axial coordinate, positive upward 
radial coordinate, positive outward 
coordinates of centroid of ring or stringer cross section 
normal deflection amplitude of harmonic predeformation 
SIV-B skirt axial strain at general buckling 
SIV-B skirt axial strain at panel buckling 
I 
’&. 1 
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knockdown factor (Ps/Pc) 
Poisson's ratio 
circumferential coordinate 
SHORT STACK MODELS 
The Apollo short stack is an assemblage of three upper shell sections 
of the Apollo-Saturn launch vehicle shown in Figure 1. 
consists of the SIV-B forward skirt, instrument unit (IU), and the space- 
craft LM adapter (SLA). 
two models which are designated herein as Configurations (A) and (B). 
This assemblage 
The analysis of the Apollo short stack utilized 
Configuration 
Configuration 
Configuration 
Shell. 
the exception 
(A) is the basic model which was first analyzed, while 
(B) is a more refined model with local modifications of 
(A). These models are discussed separately below. 
Configuration (A) 
This configuration is essentially defined by Figure 2 with 
that the shell eccentricities indicated in Details E and F 
are neglected. As illustrated, the SIV-B forward skirt is of ring and 
stringer-stiffened monocoque construction, while the IU and SLA sections 
are of honeycomb sandwich construction. Minute eccentricities associated 
with steps in the outside honeycomb skin thickness of the SLA (illus- 
trated in Details G, H, and I of Figure 2)  are neglected. A s  illustrated 
in Detail J, eccentricity associated with the transition of the sandwich 
to a monocoque wall at the top of the SLA is also neglected. 
Rings. The interior rings are modeled as shown in Details A through 
G of Figure 2. Phantom lines have been included in the details to 
facilitate the reader's orientation of the ring with respect to the shell. 
Section properties of the rings as modeled (defined by solid lines) are 
also presented in these details.* 
*Pertaining to the rings shown in Details E, F, and G, which are imbedded 
in the honeycomb shell, an error in normal ring eccentricities by the 
amount of the shell depth was uncovered following completion of the 
analysis of Configuration (A). 
tected in the analysis of Configuration (A),however, the error is incon- 
sequential. The error was corrected for the refined model, Configuration 
Since very little SLA action was de- 
(B) - 
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Boundary Condit ions.  The upper boundary cond i t ion  f o r  t h i s  model 
corresponds t o  t h e  r i n g  def ined  i n  Detail K of F igure  2. This  r i n g  i s  
based on t h e  minimum o u t e r  annular  s e c t i o n  of t h e  service module a f t  bulk- 
head. I n s o f a r  as t h e  i n t e r i o r  p o r t i o n  of t h e  bulkhead, which provides  
spoke-like r a d i a l  r e s t r a i n t ,  i s  neglec ted ,  it is  evident  t h a t  t h e  r i n g  i s  
modeled conserva t ive ly .  Three lower boundary condi t ions  w e r e  t r e a t e d  f o r  
Configurat ion (A). The f i r s t  of t h e s e  i s  a f r e e  cond i t ion ,  v i z .  t h e  
exc lus ion  of t h e  r e s t r a i n t  of t h e  SIV-B forward dome and waf f l e  cy l inde r .  
The second boundary cond i t ion  accounts f o r  t h e  e las t ic  r e s t r a i n t  of t h e  
dome and w a f f l e  cy l inde r .  The buckl ing in f luence  c o e f f i c i e n t s  of t h e  dome 
and waf f l e  cy l inde r  inc lude  t h e  t ie-rod e f f e c t  of 30 p s i g  i n t e r n a l  
p re s su re  which r e a t l y  s t i f f e n s  t h e s e  elements,  as w e l l  as t h e  p r e s t r e s s  
cond i t ion  t r e a t e d  is  a s imple support  a t  t h e  dome a t t a c h  p o i n t ,  wi th  t h e  
lower edge, 3.121 i n .  below t h e  e q u a t o r i a l  p lane ,  f r e e .  
due t o  1 . 4  x 10  % lbs. of t o t a l  a x i a l  compression. The t h i r d  boundary 
SIV-B S k i r t  Pane ls .  I n  c o n t r a s t  t o  t h e  r ings,which are t r e a t e d  
d i s c r e t e l y ,  t h e  s t r i n g e r  s t i f f n e s s  i s  assumed t o  b e  c i r cumfe ren t i a l ly  
"smeared out" so t h a t  buckl ing of t h e  pane ls  between s t r i n g e r s  is  no t  
de tec ted  by t h e  computer a n a l y s i s .  However, i t  is  recognized t h a t  a 
buckling mode of t h i s  t ype  does occur i n  t h e  SIV-B s k i r t  a t  a ve ry  low 
load.  Once panel  buckl ing occurs ,  t h e  e f f e c t i v e  ex tens iona l  and shear  
r i g i d i t i e s  of t h e  buckled s k i n  are reduced. It i s  assumed, however, t h a t  
t h e  f l e x u r a l  and t o r s i o n a l  r i g i d i t i e s  of t h e  buckled s k i n  are unchanged. 
Based on a conserva t ive  estimate of t h e  c r i t i c a l  load a t  which t h e  pane ls  
f i r s t  buckle,  and t h e  expected buckl ing load of t h e  s t a c k ,  a s t r a i n  r a t i o  
of ;/E = 33 w a s  used i n  Eqs. (A2) and (A3) of Ref.  1 t o  o b t a i n  e f f e c t i v e  
prebuckfing and buckl ing ex tens iona l  r i g i d i t i e s .  
buckling shear  r i g i d i t y  i s  taken as 70 p e r  cen t  of i ts  unbuckled value.* 
The SIV-B s k i r t  i s  t h e r e f o r e  modeled s o  as t o  possess  t h e  fol lowing 
e f f e c t i v e  r i g i d i t i e s :  
Based on Ref. 2 t h e  
Prebuckl ing : D = .201 E t / ( l -v2 )  
K = ~ t 3 / 1 2 ( 1 - ~ 2 )  
Buckling : D = .lo9 Et / ( l -v2)  
S = . 7 G t  
K = ~ t 3 / 1 2  ( i -v2)  
T = ~ t ~ / 1 2  
*The prebuckl ing shear  r i g i d i t y  i s  i r r e l e v a n t  f o r  t h e  axisymmetrie pre- 
buckling state. 
- '1 
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Loads. The a n a l y s i s  of the s h o r t  stack requi red  f i r s t  t h e  choice  of 
a load  d i s t r i b u t i o n  i n  o rde r  t o  determine i t s  s ta t ic  buckl ing loads  under 
axial  compression. For Configurat ion (A) axisymmetric prebuckl ing states 
were determined us ing  a compressive a x i a l  load d i s t r i b u t i o n  of 65.7 pe r  
cent appl ied  c e n t r o i d a l l y  t o  t h e  top  boundary r i n g  and 3 4 . 3  p e r  cent  t o  
t h e  LM r i n g .  These loads  were r eac t ed  a t  t h e  lower edge of t h e  stack i n  
t h e  case of t h e  elastic boundary cond i t ion ,  and a t  t h e  dome a t t a c h  
s t a t i o n  f o r  t h e  s imple support  and f r e e  condi t ions .  
I n  o rde r  t o  c a l c u l a t e  t h e  unsymmetrical deformations r e s u l t i n g  from 
i n e r t i a l  loads  of t h e  26,000 pound LM v e h i c l e  app l i ed  d i s c r e t e l y  t o  t h e  LM 
r i n g ,  a Four i e r  decomposition of t h e s e  loads  is  necessary .  Harmonic com- 
ponents of t h e s e  loads ,  assumed t o  be  d i s t r i b u t e d  over  c i r cumfe ren t i a l  arcs 
~ / 6 4  r ad ians  wide, are shown i n  F igure  3 .  
LM r i n g  i n  t h e  presence of t h e  nonl inear  axisymmetric prebuckl ing s t a t e  
a s soc ia t ed  wi th  l o 6  l b s .  of t o t a l  s t a c k  load.  I n  t h i s  c a l c u l a t i o n  t h e  
r e s u l t a n t  a x i a l  load appl ied  c e n t r o i d a l l y  t o  t h e  LM r i n g  w a s  288,000 l b s . ,  
whereas t h e  r e s u l t a n t  la teral  load w a s  15,600 l b s . ,  corresponding t o  a 
0.6 g l a t e ra l  a c c e l e r a t i o n  of t h e  LM. The e f f e c t  of t h e  r a d i a l  f o r c e s  
(due t o  t h e  LM s t i f f n e s s  ) shown i n  Condit ion 1 of F igu re  3 w e r e  neg- 
l e c t e d  f o r  t h i s  conf igura t ion .  Conditions 2 and 3 shown i n  F igure  3 
r ep resen t  two l i m i t i n g  o r i e n t a t i o n s  of t h e  s t a c k  wi th  r e spec t  t o  t h e  
la teral  a c c e l e r a t i o n .  
These loads  were appl ied  t o  t h e  
Configurat ion (B) 
Conf igu ra t ion (6 ) i s  e s s e n t i a l l y  t h e  same model as Configurat ion ( A ) ,  
s o  t h a t  only t h e  d i s t i n g u i s h i n g  d i f f e r e n c e s  are d iscussed  below. 
S h e l l .  Configurat ion (B) u t i l i z e s  t h e  same s h e l l  model as Configura- 
t i o n  (A) except  f o r  t h e  fol lowing t h r e e  d i f f e r e n c e s :  
1. 
2. 
The c o n t i n u i t y  of t h e  SLA sandwich s t r u c t u r e  i s  l o c a l l y  i n t e r -  
rup ted  immediately above t h e  LM r i n g .  H e r e  t h e  s h e l l  i s  
modeled as a s h o r t  monocoque s e c t i o n  as shown i n  F igure  4 .  
This  rev ised  modeling r e f l e c t s  t h e  p o s s i b i l i t y  t h a t  a t  t h e  t i m e  
of t h e  anomaly, t h e  compression f o o t  of t h e  inne r  sandwich s k i n  
had separa ted  from t h e  LM r i n g .  
S h e l l  e c c e n t r i c i t i e s  i nd ica t ed  i n  Details E and F of F igure  2 ,  
as w e l l  as those  a s soc ia t ed  wi th  t h e  SLA d i s c o n t i n u i t y  mentioned 
above, are considered.  These e c c e n t r i c i t i e s  are accounted f o r  
by j o i n i n g  t h e  r e fe rence  s u r f a c e s  of ad jacent  s e c t i o n s  wi th  
s h o r t  r a d i a l  segments as shown i n  F igure  4 .  The w a l l s  of t h e s e  
r a d i a l  segments are simply taken t o  be honeycomb con t inua t ions  
of t h e  s t i f f e r  ad jacen t  s e c t i o n .  
-7- 
3 .  In contrast to Configuration ( A ) ,  the shell for this model does 
not extend below the equatorial plane, where it is assumed to 
be simply supported. 
Loads. For this model the axisymmetric prebuckling state was deter- 
mined using a compressive axial load distribution of 70.6 per cent applied 
centroidally to the top boundary ring and 29.4 per cent to the LM ring 
"load point" defined in Figure 4 .  
torial plane. The prebuckling state also includes the axisymmetric effect 
of the LM radial redundants (acting through the LM ring load point) shown 
in Condition 1 of Figure 3 .  
These loads were reacted at the equa- 
Unsymmetrical deformations associated with the inertial loads of the 
LM vehicle applied discretely to the LM ring were also computed for 
Configuration (B). The harmonic components of these loads (cf. Figure 3) 
were applied to the LM ring in the presence of the nonlinear axisymmetric 
prebuckling state corresponding to a total stack load of l o6  lbs. compres- 
sion. For this model, 294,000 lbs. of resultant axial load, along with the 
associated radial redundant forces of Condition 1, and 15,600 lbs. of 
resultant lateral load were applied to the LM ring load point. Since 
Conditions 2 and 3 of Figure 3 produced nearly equal deformations of 
Configuration ( A ) ,  only Condition 2 was applied to Configuration (B). 
METHOD OF ANALYSIS 
Five distinct but interrelated digital computer programs were used 
in the analysis. These programs all treat the same structural model, viz. 
ring and stringer-stiffened elastic orthotropic multilayer shells of revo- 
lution. Three of these programs compute prebuckling states: (1) a 
linearized axisymmetric or harmonic state, (2) a nonlinear axisymmetric 
state, and (3 )  a linearized harmonic state superimposed on a nonlinear 
axisymmetric state. A discussion of program (1) is given in Ref. 3 .  
Program ( 2 )  applies a generalization of Newton's method similar to that 
in Ref. 4 to solve the moderate rotation nonlinear shell equations. 
Program (3 )  utilizes the equilibrium state produced by program ( 2 )  to modify 
the effective stiffness of the structure and then applies the procedure of 
program (1) to the so modified structure. 
symmetric state produced by either program (1) or ( 2 )  and for a specified 
harmonic number computes the bifurcation buckling modes (Ref. 5 ) .  
A fourth program utilizes the 
The fifth program9 currently being developed for the NASA Langley 
Research Center, computes the first nonzero postbuckling coefficient 
(generally the second coefficient b) for a given buckling mode. The 
general theory upon which this program is based is presented in Ref. 6 .  
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The significance of the postbuckling coefficient b is that for b > 0 the 
bifurcated state is itself stable and the structure can carry additional 
load after bifurcation, whereas for b < 0 the bifurcated state is unstable. 
In the latter case, because of the existence of predeformations, the actual 
buckling load is smaller than the computed bifurcation load. 
Predeformations usually considered are manufacturing imperfections 
in the structure. Additionally, as an artifice, one may consider as 
predeformations, deflections produced by unsymmetric load components 
acting simultaneously with the primary axisymmetric loading with which 
the bifurcation buckling is associated. 
deflections are produced by discrete LM ring loads and unsymmetric thermal 
loads. 
For the Apollo short stack these 
In this study thermal loads were not considered. 
If the predeformation is known precisely, as is possible for cal- 
culated deflections, then it is possible to compute the "knock down'' it 
produces in the bifurcation load associated with a given buckling mode 
shape.* However, at the present time, this aspect of program (5) is not 
complete. Some progress can be made, however, if one assumes a pre- 
deformation deflection shape proportional to the buckling mode shape 
under consideration. With this assumption, as was first shown by Koiter, 
the reduction in buckling load as a function of predeformation amplitude 
may be computed, and the result is shown in the Figure 5. 
speaking, when the predeformation is dissimilar to the buckling mode 
shape, the application of Figure 5 is not valid. However, two intuitive 
approaches suggest themselves: 1) take as the predeformation amplitude 
6 its normal deflection amplitude at the location of maximum buckling 
amplitude, or 2) take as 6 the maximum normal deflection amplitude 
reduced by the ratio of the local buckling normal deflection amplitude 
to the maximum buckling amplitude. Both of these approaches were used 
in this study. 
Strictly 
RESULT S 
Configuration (A) 
Static Buckling Loads. Table 1 gives the calculated critical loads 
for Configuration (A). 
prebuckling state (including prebuckling rotations). 
show the corresponding incipient buckling modes with the elastic restraints 
These critical loads are based on a linearized 
Figures 6 through 11 
*To first order, predeformation components of a given harmonic affect 
only buckling modes of the same harmonic. 
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of t h e  pressur ized  SIV-B forward dome and w a f f l e  tank considered.  
1 2  shows t h e  N = 2 mode f o r  t h e  f r e e  end condi t ion .  
F igure  
It i s  noted t h a t ,  wi th  t h e  except ion  of t h e  N = 2 modes which are 
The N = 2 modes are s e n s i t i v e  
inex tens iona l  and extend throughout t h e  whole s t a c k ,  a l l  of t h e s e  buckl ing 
modes are e s s e n t i a l l y  SIV-B s k i r t  modes. 
t o  t h e  boundary cond i t ions ,  p a r t i c u l a r l y  those  a t  t h e  boundary f o r  which 
t h e  buckl ing d e f l e c t i o n  i s  maximum. Thus, t h e  corresponding c r i t i c a l  
loads  are probably somewhat low, s i n c e  t h e  service module a f t  bulkhead 
a t  t h e  top  of t h e  s t a c k  i s  modeled conserva t ive ly .  
of t h e  ve ry  low N = 2 mode w i t h  t h e  f r e e  lower boundary i s  t h a t  i t  
r e p r e s e n t s  a lower bound t o  t h e  c r i t i ca l  load which would occur i f  t h e  
SIV-B tank  l o s t  i t s  p res su re .  
by t h e  SIV-B w a f f l e  tank  and dome r e s u l t s  from t h e  SIV-B tank i n t e r n a l  
pressure .  
The s i g n i f i c a n c e  
To a l a r g e  ex ten t  t h e  support  provided 
It is  apparent  from t h e s e  r e s u l t s  t h a t  t h e  simple support  i s  a 
conserva t ive  approximation. 
i n  which t h e  nonzero cu rva tu re  of t h e  normal d e f l e c t i o n  curve a t  t h e  
lower end of t h e  s t a c k  is  apparent .  This  cu rva tu re  impl ies  some moment 
c o n s t r a i n t ,  which, of course ,  is not  provided by simple suppor t .  
The reason f o r  t h i s  i s  d isp layed  i n  F igure  9 
Figure  6 d i s p l a y s  axisymmetric buckl ing of t h e  s k i r t  between r i n g s .  
I n  f a c t ,  t r e a t i n g  t h e  s k i r t  as a wide column ( inc luding  t h e  postbuckled 
panel  e f f e c t i v e n e s s  presented previous ly)  one computes an  Euler  buckl ing 
load of 1 . 2 1  x l o 6  l b s .  f o r  t h e  inne r  s k i r t  bays.  
s k i r t  cu rva tu re  inc reases  t h i s  va lue  t o  roughly 1 . 4  x lo6 l b s .  very  
nea r ly  t h e  va lue  obtained by t h e  computer f o r  N = 0.  This  agreement 
impl ies  t h a t  i n  t h i s  mode of buckl ing t h e  inne r  s k i r t  r i n g s  act  very  
much l i k e  simple suppor ts .  
Accounting f o r  t h e  
A s  N i s  inc reased ,  t h e  s k i r t  modes d e v i a t e  from buckl ing between 
r i n g s  u n t i l  a minimum c r i t i c a l  load is  reached f o r  a more genera l  
i n s t a b i l i t y  mode a t  N = 6.* A s  N i s  increased  f u r t h e r ,  t h e  mode changes 
back t o  buckl ing between r i n g s  and t h e  buckl ing load inc reases .  
E f f e c t  of Nonl inear i ty  and Predeformations.  I n  order  t o  assess 
t h e  e f f e c t  of predeformations,  i t  i s  necessary t o  compute t h e  postbuckl ing 
c o e f f i c i e n t  b f o r  each buckl ing mode of i n t e r e s t . ¶  A main concern w a s  
t h e  e f f e c t  of t h e  predeformations a s soc ia t ed  wi th  t h e  d i s c r e t e  loads  on 
t h e  LM r i n g .  The d i s c r e t e  a x i a l  loads  produce s m a l l  deformations only 
i n  every f o u r t h  harmonic, and t h e  d i s c r e t e  l a t e r a l  loads  produce s m a l l  
deformations only i n  t h e  odd harmonics ( c f .  F igure  3 ) .  Hence, re la t ive 
t o  t h e s e  predeformations,  only t h e  buckl ing modes i n  t h e s e  harmonics are 
of i n t e r e s t .  
*Possibly t h e  c r i t i c a l  load f o r  N = 5 is  s l i g h t l y  lower,  bu t  i t  w a s  no t  
¶The va lues  of b presented i n  t h i s  r e p o r t  are based on buckl ing modes 
obtained.  
normalized s o  t h a t  t h e  maximum va lue  of normal d e f l e c t i o n  is one inch .  
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The r e s u l t s  of th i s  s tudy ,  xh ich  w a s  based on a nonl inear  prebuckl ing 
l b s .  and a simply supported s h o r t  s t a c k ,  s tate a t  a t o t a l  a x i a l  load of 10 
are shown i n  Table  2. 
correspond t o  sk i r t  modes, w i t h  those  of Table 1 shows t h e  e f f e c t  of non- 
l i n e a r i t y  t o  b e  p r a c t i c a l l y  n e g l i g i b l e .  According t o  t h e  s i g n  of b ,  only 
t h e  modes f o r  N = 5 ,  7 ,  and 8 are s e n s i t i v e  to predeformations,  w i th  t h e  
N = 5 mode be ing  most s e n s i t i v e .  
t i o n  amplitudes than  those  shown occur i n  t h e  SLA near  t h e  LM r i n g ,  as 
d iscussed  previous ly ,  one cannot u s e  them i n  conjunct ion  wi th  F igure  5 
t o  compute knocked down buckl ing loads  f o r  s k i r t  modes. 
F igure  5, i t  i s  apparent  t h a t  t h e  d i s c r e t e  LM r i n g  loads  have n e g l i g i b l e  
i n t e r a c t i o n  wi th  t h e  s k i r t  buckl ing modes. 
imperfec t ion  ( i n  t h e  shape of t h e  s k i r t  buckl ing mode f o r  N = 5)  with  a 
maximum normal d e f l e c t i o n  of 0 . 1  i n .  r e s u l t s  i n  a buckl ing load of 1.10 
x lo6 l b s .  
Comparison of t h e  c r i t i ca l  loads  shown, which a l l  
Although s i g n i f i c a n t l y  l a r g e r  de f l ec -  
From Table  2 and 
On the o the r  hand, an assumed 
Configurat ion (B) 
S t a t i c  Buckling Loads, Since t h e  evidence from t h e  AS-502 f l i g h t  
sugges ts  a form of s t r u c t u r a l  f a i l u r e  p r imar i ly  i n  t h e  SLA, i t  w a s  
thought d e s i r a b l e  t o  o b t a i n  t h e  SLA buckl ing modes, even though f o r  a 
given harmonic they are not  t h e  lowest mode. 
between Configurat ion (A) and Configurat ion (B) are p r imar i ly  i n  t h e  
SLA, t h e  e f f e c t  of t h e s e  changes on t h e  s k i r t  modes i s  p r a c t i c a l l y  
n e g l i g i b l e .  
on buckl ing modes o t h e r  than  t h e  s k i r t  modes a l r eady  obtained us ing  
Configurat ion (A). 
Since t h e  d i f f e r e n c e s  
Therefore ,  i n  t h i s  p a r t  of t h e  s tudy a t t e n t i o n  w a s  focused 
Table 3 summarizes t h e  c r i t i c a l  loads  obtained f o r  Configurat ion (B) 
and, f o r  comparison, a l s o  shows loads  presented  previous ly  f o r  Configurat ion 
(A). The corresponding i n c i p i e n t  buckl ing modes, except  f o r  t hose  
corresponding t o  prev ious ly  d iscussed  SIV-B s k i r t  modes, are shown i n  
F igures  13 through 25.  A l l  of t h e s e  modes are based on a nonl inear  
prebuckl ing s ta te  a t  lo6 l b s .  of t o t a l  a x i a l  load.  I n  Table 3 a load 
i s  l abe led  SLA i f  t h e  maximum buckl ing amplitude occurs  i n  t h e  SLA. 
t h e  maximum amplitude i n  t h e  SLA is less than  one per  cen t  of t h e  maximum 
s k i r t  amplitude,  t h e  mode i s  l abe led  s k i r t .  I f  t h e  maximum SLA amplitude 
i s  not  t h e  maximum buckl ing ampli tude,  bu t  i s  more than one pe r  cent  of 
t h e  maximum sk i r t  ampli tude,  t h e  mode i s  labe led  SLA b u t  q u a l i f i e d  by 
t h e  r a t i o  of SLA mode amplitude t o  s k i r t  mode ampli tude.  The remaining 
number given i n  each pa ren thes i s  i s  t h e  a s soc ia t ed  va lue  of t h e  post-  
buckl ing c o e f f i c i e n t  b. These are d iscussed  i n  t h e  next  s e c t i o n .  
I f  
I n  F igures  13 through 25 ,  t h e r e  are four  ver t ica l  l i n e  d i s c o n t i n u i t i e s  
i n  t h e  mer id iona l  and normal displacement curves  a t  mer id iona l  s t a t i o n s  
of approximately 122, 158 ,  243, and 245 inches .  These d i s c o n t i n u i t i e s  
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r e s u l t  from t h e  r a d i a l  e c c e n t r i c i t i e s  of ad jacent  s h e l l  s e c t i o n s  a t  t h e s e  
s t a t i o n s .  
of ad jacent  s h e l l  s e c t i o n s  a t  t h e s e  s t a t i o n s  are connected by s h o r t  
r a d i a l  elements. I n  pass ing  from a c y l i n d r i c a l  o r  c o n i c a l  s e c t i o n  of t h e  
main s t r u c t u r e  t o  one of t h e s e  r a d i a l  elements,  t h e  r o l e s  of t h e  meridional  
and normal displacements  are e s s e n t i a l l y  r eve r sed ,  r e s u l t i n g  i n  t h e  noted 
d i s c o n t i n u i t i e s .  These ver t ica l  l i n e s  convenient ly  l o c a t e  t h e  skir t - IU 
i n t e r f a c e ,  t h e  IU-SLA i n t e r f a c e ,  and t h e  two r a t h e r  c l o s e  boundaries  of 
t h e  s h o r t  monocoque SLA s e c t i o n  immediately above t h e  LM r i n g  i n  t h e  
s t r u c t u r a l  model ( c f .  F igure  4 ) .  It may b e  observed from t h e s e  f i g u r e s  
t h a t  (exc lus ive  of t h e  N = 2 inex tens iona l  mode) t h e  maximum buckl ing 
d e f l e c t i o n  i n  t h e  SLA i n v a r i a b l y  occurs  immediately below t h e  lower 
sandwich-monocoque i n t e r f a c e ,  i . e . ,  a t  t h e  LM r i n g .  The probable  reason  
t h a t  t h e  maximum buckl ing d e f l e c t i o n  does not  occur i n  t h e  weaker monocoque 
s e c t i o n  is t h a t  t h e  compressive load is  g r e a t e r  i n  t h e  sandwich s e c t i o n  
below t h e  LM r i n g  by t h e  amount of t h e  load en te r ing  t h e  r i n g .  
In t h e  s t r u c t u r a l  model t h e  gaps between t h e  r e f e r e n c e  s u r f a c e s  
E f f e c t  of Predeformations.  F igures  26 through 30 show t h e  d i s -  
placement amplitudes a s soc ia t ed  wi th  t h e  d i s c r e t e  LM r i n g  loads  f o r  t h e  
f i v e  lowest harmonics. Comparison of F igure  26 w i th  F igure  15  shows a 
r a t h e r  s t r i k i n g  s i m i l a r i t y  between t h e  N = 3 displacement component and 
t h e  N = 3 SLA buckl ing mode. However, as given i n  Table  3 ,  t h e  postbuckl ing 
c o e f f i c i e n t  f o r  t h i s  mode is  p o s i t i v e ,  and i t  is ,  t h e r e f o r e ,  no t  s e n s i t i v e  
t o  predeformations.  I n  f a c t ,  wi th  t h e  except ion of t h e  N = 2 inex tens iona l  
mode, a l l  of t h e  buckl ing modes wi th  maximum buckl ing d e f l e c t i o n  i n  t h e  
SLA are i n s e n s i t i v e  t o  predeformations.  
b is s o  small t h a t  i t  would t a k e  an  unreasonably l a r g e  imperfec t ion  t o  
a f f e c t  i t .  
For t h e  N = 2 mode t h e  va lue  of 
The lowest buckl ing load estimate i s  obtained by i n t e r a c t i n g  t h e  
N = 5 displacements  of F igure  28 wi th  t h e  N = 5 buckl ing mode of F igure  1 9 .  
Since from Figure  19 t h e  normal d e f l e c t i o n  a t  t h e  LM r i n g  is  only 36 
pe r  cent  of maximum, t h e  normal d e f l e c t i o n  of 0 .1  i n .  shown i n  F igure  28 
a t  t h e  LM r i n g  i s  ( i n t u i t i v e l y )  reduced t o  0.036 i n .  be fo re  applying 
Figure  5. I f ,  a d d i t i o n a l l y ,  a 0 . 1  i n .  manufacturing imperfec t ion  pro- 
p o r t i o n a l  t o  t h e  mode shape of F igure  1 9  i s  assumed f o r  a t o t a l  v a l u  
6 = 0.136 i n . ,  one ob ta ins  a knocked-down buckl ing load of 1.03 x 10' :is. 
It i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  maximum N = 4 displacement ampli- 
tude  is  only 0.17 i n .  and occurs  cons iderably  above t h e  LM r i n g  (Figure 27). 
I n  c o n t r a s t  t o  t h i s ,  t h e  analogous r e s u l t  f o r  Configurat ion (A) w a s  0.84 
i n .  immediately above t h e  LM r i n g .  The LM r a d i a l  redundants,  which f o r  
Configurat ion (A) were neglec ted ,  are t h e  apparent  cause of t h i s  d i f f e r -  
ence. I n  o the r  words, t h e  presence of t h e  LM has  a s i g n i f i c a n t  e f f e c t  
i n  suppressing unsymmetrical deformations of t h e  SLA i n  t h e  v i c i n i t y  of 
t h e  LM r ing .  
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CONCLUDING REMARKS 
In the short stack analyses presented, essentially three types of 
buckling modes were detected: 1) inextensional modes extending throughout 
the structure, 2) SIV-B skirt modes, and 3) higher modes involving sig- 
nificant action in the SLA and, in particular, at the LM ring. The 
minimum critical load obtained for the inextensional modes is 1.13 x 10 
lbs., but this value is probably low due to the conservativeness of the 
assumed boundary conditi ns. 
skirt modes is 1.34 x 10 lbs., which is reduced to 1.10 x 10 lbs. if 
a 0.1 inch structural imperfection is assumed. On the other hand, the 
mode most sensitive to predeformations is a higher mode (1.54 x lo6 lbs.) 
with significant action in both the skirt and the SLA. Based on a 0.1 
inch imperfection and on additional predeformation due to a 0.6 g lateral 
acce eration of the LM, this mode has an estimated buckling load of 1.03 
x 10 lbs., the lowest buckling load obtained (with realistic boundary 
conditions) in this study. 
6 
The minimum critical load obtained for the 8 6 
i 
It is important to note that this value represents a pure axial 
load, whereas the actual structure was subjected to significant shear, 
moment, and thermal loads. If one converts the reported anomaly values 
of the axial load and moment at the bottom of the short stack (Ref. 7) 
into an equivalent axial load based simply on maximum stress, the result 
is 547,000 lbs. Thus, in the absence of structural defects in the AS-502 
vehicle more drastic than those considered, the results of this study 
cannot explain the anomaly. 
It is therefore recommended that further stability studies of the 
short stack include the shear, moment, and thermal load effects. Existing 
computer programs can account for the axisymmetric component of the 
thermal load in the prebuckling state and the unsymmetric displacements 
caused by all these loads treated as predeformations. However, a more 
precise treatment of the antisymmetric components of the lateral loads 
is within the state-of-the-art. 
the existing stability programs to include antisymmetric, as well as 
axisymmetric, prebuckling states. 
This would be accomplished by enlarging 
-13- 
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APPENDIX A 
SIMPLY SUPPORTED SIV-B SKIRT 
S t a t i c  Buckling Modes 
Ea r ly  i n  t h e  a n a l y s i s  t h e r e  w a s  some concern over t h e  p o s s i b i l i t y  
t h a t  t h e  sk i r t  c r i t i ca l  load a t t a i n s  a second relative minimum wi th  r e s p e c t  
t o  c i r cumfe ren t i a l  wave number. 
t h e  simply supported SIV-B sk i r t  under uniform a x i a l  compression w a s  
s tud ied  up t o  ve ry  h igh  va lues  of N .  
ness  of t h e  buckled s k i r t  pane ls  w a s  assumed t o  b e  t h e  same as t h a t  used 
f o r  t h e  i n t e g r a t e d  s h o r t  s t ack .  
I n  order  t o  i n v e s t i g a t e  t h i s  p o s s i b i l i t y  
I n  t h i s  a n a l y s i s  t h e  p a r t i a l  e f f e c t i v e -  
The s k i r t  c r i t i c a l  loads ,  based on a l i n e a r i z e d  prebuckl ing state,  
are given i n  t h e  fol lowing t a b l e  and t h e  corresponding mode shapes are 
presented i n  F igures  3 1  through 45. 
N Pc ( lo6 l b s . )  - 
0 
2 
4 
6 
8 
10 
20 
30 
40 
60 
80 
100 
120 
140 
160 
1.305 
1.296 
1.013 
1.007 
1.365 
1.464 
1.890 
2.536 
3.235 
4.173 
4.594 
4.850 
5.060 
5.267 
5.491 
Since t h e r e  are only 108 s t r i n g e r s  equa l ly  spaced c i r c u m f e r e n t i a l l y  on 
t h e  s k i r t ,  i t  is apparent  t h a t  t h e s e  r e su l t s ,wh ich  are based on circum- 
f e r e n t i a l l y  d i s t r i b u t e d  s t r i n g e r  s t i f f n e s s ,  begin  t o  l o s e  s i g n i f i c a n c e  
f o r  N > 20. 
approaching a re la t ive maximum f o r  a harmonic somewhat g r e a t e r  than  160 
should be considered spur ious .  
Therefore ,  t h e  f a c t  t h a t  t h e  c r i t i ca l  load appears  t o  b e  
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Comparison of t h e s e  c r i t i ca l  loads  wi th  those  a s soc ia t ed  wi th  s k i r t  
modes f o r  t h e  i n t e g r a t e d  s h o r t  s t a c k  shows t h a t  t h e  I U  provides  more than  
s imple suppor t  t o  t h e  s k i r t .  I n  s p i t e  of t h i s  d i f f e r e n c e  t h e  buckl ing 
mode shapes f o r  t h e  i s o l a t e d  s k i r t  show cons ide rab le  s i m i l a r i t y  t o  t h e  
s k i r t  modes of t h e  i n t e g r a t e d  s t ack .  
Postbuckl ing Behavior 
I n t u i t i v e l y ,  one expec ts  t h a t  t h e  imperfec t ion  s e n s i t i v i t y  of t h e  
buckl ing modes of t h e  sk i r t  diminishes  wi th  a r educ t ion  i n  e f f e c t i v e n e s s  
of t h e  s k i r t  pane ls .  The b a s i s  f o r  t h i s  expec ta t ion  i s  t h e  fol lowing:  
A s  t h e  pane ls  become less e f f e c t i v e ,  t h e  coupl ing between ad jacent  
mer id iona l  elements of t h e  s k i r t  i s  reduced. A s  t h i s  occurs ,  t h e s e  
elements tend t o  behave more and more l i k e  Euler  columns. Since,  as 
is known, an Euler  column i s  i n s e n s i t i v e  t o  imperfec t ions ,  t h e  above 
r e l a t i o n s h i p  between imperfec t ion  s e n s i t i v i t y  and panel  e f f e c t i v e n e s s  i s  
reasonable .  I n  terms of t h e  postbuckl ing c o e f f i c i e n t  b ,  a r educ t ion  i n  
s e n s i t i v i t y  impl ies  an a l g e b r a i c  i n c r e a s e  i n  b .  
I n  o rde r  t o  lend more phys ica l  i n s i g h t  i n t o  t h e  n a t u r e  of b ,  i t s  
va lue  f o r  t h e  N = 6 buckl ing mode of t h e  s k i r t  p resented  above i s  compared 
t o  i t s  va lue  f o r  t h e  corresponding N = 6 mode wi th  f u l l  panel  e f f e c t i v e n e s s .  
These r e s u l t s  are presented i n  t h e  fo l lowing  t a b l e :  
Pc ( l o6  l b s . )  
b 
P a r t i a l l y  E f f e c t i v e  Panel  F u l l y  E f f e c t i v e  Panel  
1.007 
-0.0203 
2.889 
-0 .134 
APPENDIX B 
SIMPLY SUPPORTED SLA 
A s  discussed  i n  t h e  main body of t h i s  r e p o r t ,  SLA buckl ing modes of 
t h e  i n t e g r a t e d  s h o r t  s t a c k  were s tud ied  as h igher  buckl ing modes of Con- 
f i g u r a t i o n  (B). For t h e  purposes of comparison, t h e  lowest modes of t h e  
SLA i s o l a t e d  from t h e  rest of t h e  s t a c k  are presented  here .  I n  t h i s  
a n a l y s i s  t h e  assumptions of Configurat ion (A) w e r e  r e t a ined  wi th  t h e  
except ions t h a t :  1) t h e  SLA w a s  simply supported a t  both  ends,  and 2 )  
r 
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71.2 per  cent  of t h e  axial  compressive load  w a s  app l i ed  a t  t h e  top of t h e  
SLA and 28.8 pe r  cen t  was  appl ied  a t  t h e  LM r i n g .  Also presented  are t h e  
corresponding postbuckl ing c o e f f i c i e n t s  and t h e  maximum normal displacement 
ampli tudes r e s u l t i n g  from d i s c r e t e  LM r i n g  loads  f o r  t hose  harmonics f o r  
which b is negat ive .  I n  t h e  c a l c u l a t i o n  of t h e  response  t o  d i s c r e t e  LM 
r i n g  loads ,  t h e  i n t e r a c t i o n  wi th  t h e  axisymmetric prebuckl ing s ta te  w a s  
neglected.  
The r e s u l t s  of t h e s e  c a l c u l a t i o n s  are shown i n  Table  4 and t h e  
corresponding imperfec t ion  s e n s i t i v e  mode shapes are shown i n  F igures  46 
through 4 8 .  I n  c o n t r a s t  t o  t h e  r e s u l t s  f o r  t h e  i s o l a t e d  s k i r t ,  t h e  
assumption of s imple suppor ts  f o r  t h e  SLA r e s u l t s  i n  c r i t i ca l  loads  
which are too  la rge .*  
c r i t i c a l  load i s  exceeded, one would not  expect  t h e  s k i r t  t o  cont inue  
t o  provide f u l l  support .  
This  r e s u l t  i s  not  s u r p r i s i n g  s i n c e  once t h e  sk i r t  
APPENDIX C 
R I N G  SIMULATION OF SIV-B DOME 
For t h e  purpose of access t o  t h e  i n s i d e  of t h e  SIV-B forward s k i r t  
i n  t h e  c u r r e n t  s ta t ic  test  of t h e  s h o r t  stack, i t  w a s  necessary t o  omit 
t h e  SIV-B forward dome i n  t h e  f u l l  scale model. In s t ead  of t h e  dome, an  
i n t e r n a l  I - sec t ion  r i n g  i s  being used wi th  t h e  fol lowing approximate 
s e c t i o n  p rope r t i e s :  
7 2 lb- in .  
5 2 
EA = 7 . 1 1  x l o 6  l b s .  
E I y  = 9.72 x lo5 lb- in .  
3 2 G J  = 4.68 x 10 lb- in .  
E I x  = 4.84 x 10 
E 1  = -1.78 x 10 lb - in .  
y (from i n s i d e  s h e l l  f ace )=  -3.707 i n .  
2 
XY 
- 
I n  order  t o  determine i f  t h i s  r i n g  adequately r e p r e s e n t s  t h e  dome, t h e  
s t a b i l i t y  of t h e  s t a c k  w a s  r eas ses sed  wi th  t h i s  r i n g  i n  p l a c e  of t h e  dome. 
This  c a l c u l a t i o n  w a s  done wi th  t h e  model of Conf igura t ion  (A) unchanged 
except t h a t  bo th  a f r e e  cond i t ion  and t h e  support  of t h e  pressur ized  
*Part  of t h e  i n c r e a s e  i n  c r i t i ca l  loads  of Table 4 over  those  corresponding 
t o  SLA modes i n  Table  3 is a t t r i b u t a b l e  t o  t h e  g r e a t e r  s h e l l  s t i f f n e s s ,  
i n  t h i s  model, immediately above t h e  LM r i n g .  
-17- 
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w a f f l e  tank were considered a t  t h e  lower edge.* 
The c r i t i ca l  loads  obtained are compared t o  t h e  c r i t i ca l  loads  of 
t h e  s t a c k  w i t h  t h e  dome i n  t h e  fol lowing t a b l e :  
N - 
With I-Ring 
F r e e  Elastic 
2 0.799 1.28 
6 1.32 1.36 
Elastic w i t h  Dome 
1.32 
1.38 
From t h e s e  r e s u l t s  i t  is  seen  t h a t  t h e  I - r ing ,  by i t s e l f ,  is  no t  s t i f f  
enough t o  suppress  t h e  inex tens iona l  (N=2) buckl ing mode. Furthermore,  
t h e  I - r ing  is n o t  q u i t e  as s t i f f  as t h e  p re s su r i zed  dome; however, t h e  
r educ t ion  i n  c r i t i ca l  load  a s soc ia t ed  wi th  i t  i s  s m a l l .  
*No a t tempt  w a s  made t o  s imula t e  t h e  test boundary condi t ion .  
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L/V STATIONS 
S IV-B 
FIGURE 1. SATURN APOLLO LAUNCH VEHICLE CONFIGURATION 
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DETAIL G 
,146 
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r" 
1.188, 
I .  
- - 5 4  4 b.375 
(AVE) $ DETAIL E 
FIGURE 2 (b). 
A = .920 
I, = 1.535 
Iy = .242 
Ixy = .120 
J = 8.2 x 10-3 
- x = -.200 
Ti = -1.651 
A = 1.805 
I, = 6.265 
Iy = ,619 
IXy = -.171 
J = 26.6 x IOe3 
- - X = .348 
Y = -2.069 
A = 1.027 
I, = 1.613 
Iy = ,189 
= .177 s.Y = 6.67 10-3 
- 
X = -.177 
TI = -1.1.83 
-25- 
Y 
i m  I 
t ' i .  
X 
0375; 4
I OUTER 2 BAYS I INTER 2 BAYS 
I I 
1. 
DETAIL C 
X 
Y 
DETAIL B 
FIGURE 2 (c). 
-26- 
A = ,398 
Iy = .064 
I, = .885 
J = ,526 x 10-3 
Ixy = .164 
x = -.744 
Y = -2.049 
- 
- 
A = 1.047 
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x = o  
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- 
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FIGURE 2 (a). 
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.20 A = 1.003 I, = ,165 
Iy = .179 
J = .065 
x = .139 
, Y  = .551 
Ixy= m.089 
- 
- 
A = 1.280 
I, = 1.482 
Iy = 2.000 
IXY = -.475 
J = 1.54 - x = .75 
Y = 1.034 
- 
COND 1 (UNIT AXIAL LOAD) 
COND 2 ( U N I T  LATERAL LOAD) 
.13 
K T  
32 
32 1 sin -- - -  
2 K  
' ~ a  
- 0.126 Fx Y K = 1 , 2 ,  ... 
33.3 1 sin ( 2K+1) T 
7 F (2K+1) = 2 2 ~ + 1  128 
Y ~a 
( 2 K + l ) T ,  K = 0 , 1 , 2 , * . .  
128 sin F (2K+l)= 2 2 ~ 4 - 1  
@ ' K a  
COND 3 (UNIT LATERAL LOAD) 
(2K+l)T (2K+l)T sin 46.0 2 a 
4 128 cos F (2'+1) = 2K+1 Y 
sin 128 , K = 0 , 1 , 2 . . .  
135/'K2a 
2K+ 1 4 
s i n  F (2K+1) = 8 
FIGURE 3. HARMONIC COMPONENTS OF DISCRETE LM R I N G  LOADS 
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